INTRODUCTION
Hymenoptera generally have low levels of genetic variation (Metcalf et a!., 1975; Pamilo eta!., 1978) . The reasons for this have been debated. One suggestion has been that mildly deleterious alleles are flushed out of hymenopteran populations because they are always expressed in the hemizygous males (Suomalainen, 1962; Crozier, 1970) . Alternative explanations include the reduced effective population size caused by haplodiploidy (Pamilo and Crozier, 1981) , the greater difficulty in obtaining balanced polymorphisms in haplodiploid (or sexlinked) systems (Haldane, 1926; Mandel, 1959) and the nest environment in social insects promoting homeostatic control leading to decreased heterozygosity (Selander and Kaufman, 1973; Snyder, 1974) . Berkelhamer (1983) suggested that primitively social Hymenoptera have significantly lower levels of genetic variation in comparison to solitary or advanced eusocial hymenopteran species. It was suggested that this was caused by inbreeding which would also result in elevation in relatedness between nestmates thereby favouring the evolution of sociality according to the kin * Present address: Department of Biology, York University, 4700 Keele St., Downsview, Ontario, Canada, M3J 1P3. selection hypothesis (Hamilton, 1964; Wade and Breden, 1981) . However, the difference that Berkelhamer claimed to have found disappeared when the species were correctly classified as to social level (Graur, 1985; Owen, 1985) . Nonetheless, the situation remains unclear because so few primitively eusocial species have been adequately investigated for enzyme variation (Graur, 1985; Owen, 1985) . Nonetheless, there is some indication that bees have particularly low heterozygosities even in comparison to other Hymenoptera (Owen, 1985) . Clearly, more estimates of heterozygosity for Hymenoptera with different degrees of social organisation are required.
This paper provides information on genetic polymorphism in a population of the bee Au gochlore!la striata. This population is of particular interest because of its extremely low level of sociality (Packer et aL, 1989a; Packer, submitted) . A. striata is a member of the bee family Halictidae, a group well known for its wide range of social organisation and multiple origins of eusociality (Michener, 1974) . In the population under consideration, only one half of the surviving nests became eusocial with colony sizes of two or three individuals-one queen (the original nest foundress) and one or two workers. The remaining nest initiating females were completely solitary: their daughters, upon reaching adulthood, mated and then excavated overwintering burrows. Thus, in some ways this population exhibited a very low degree of eusociality. However, unusually for a primitively eusocial halictine, workers' ovaries were completely undeveloped. For more details see Packer et a!. (1989a) and Packer (submitted) .
In addition to the basic genetic variation data, we present information on diploid male production and results indicative of strong (D = 0073, P<0.0l) linkage disequilibrium between two (out of 21 pairwise comparisons) of the polymorphic loci. The latter is the first report of linkage disequilibrium within a haplodiploid genetic system.
METHODS

Collection of samples
The study site was at Irish Cove, Richmond County, Cape Breton Island, Nova Scotia (see Packer et al., 1989b , for a detailed description of the study site and nesting biology of the population). Bees used for electrophoresis were captured at the nest site late in summer 1987, after foraging activity had ceased; at various times during the spring and summer of 1988; or from nest excavations during 1987. All excavated bees had their head widths measured to the nearest 005 mm. Bees were killed by freezing at -80°C where they were stored until used for electrophoresis.
A total of 227 bees were used in the analyses, 109 caught at flowers and 118 excavated from 68 nests. From one to six individuals were used per nest with a mean (±S.D.) of 17±105.
Electrophoretic techniques
Bees were homogenised in 50 to 75 il of cold distilled water using a nylon rod and a 15 ml plastic eppendorf tube. Horizontal starch gel electrophoresis was carried out using 95 per cent starch gels (Connaught hydrolysed potato starch). The gel and electrode buffers used are shown in table 1. Homogenate was absorbed onto filter paper wicks (approximately 4 x 12 mm, Whatman number 1 or 3). All gels were run for between five and six hours at approximately 4°C. Stain recipes generally followed those outlined by Packer and Owen (1989) . However, alanine aminotransferase (= Glutamate oxaloacetate transaminase), cytosol aminopeptidase (= leucine aminopeptidase), guanylate kinase and L-iditol dehydrogenase (==sorbitol dehydrogenase), were not treated in the previous paper and the stain recipes used were from Cardy et a!. (1980) , Brewer (1970) , Harris and Hopkinson (1976) and Shaw and Prasad (1970) respectively.
Enzymes that were found to be polymorphic early in the study were stained for as many individuals as possible. However, several variable systems have rather small sample sizes because the methods used to stain them were not developed until near the end of the investigation. Interpretation of banding patterns followed Packer and Owen (1989) with the following additional comments. (i) Acid phosphatase showed detectable variation only when run on bY gels: individuals run on bI are not included in the results. (ii) TPI and PGM exhibited prominent sub-banding in older females that mimicked genetic variation.
Closer inspection revealed these enzyme loci to be monomorphic. (iii) Upon overstaining, several stain recipes containing NADP showed an additional polymorphic locus when run on tris-citrate gels. This was caused by IDH-the mobilities, pattern of variation and allelic designations were found to be identical when the same individuals were assayed for IDH and the alternative overstained enzymes (such as ME and G6PDH). (iv) Bands for Hk-1 were extremely close to those of Hk-2. It was difficult to separate heterozygotes from homozygous slow females for the former locus, consequently, only haploid males were scored for Hk-1. (v) In general, scoring of gels was comparatively easy because most individuals used were male and therefore haploid.
RESULTS
Allozyme variation
The number of loci per enzyme and the number of haploid genomes investigated per enzyme are shown in table 1. An average of 76 haploid genomes were stained for the 47 loci from 35 enzyme systems. Table 2 lists the polymorphic loci, the mobilities of the alleles and the expected and, where applicable, the observed heterozygosities.
There were significant deficiencies of heterozygotes at two loci, one of them probably resulting from small sample sizes (Pep-PP-i). In the other instance (Pgd) the heterozygotes that were found showed markedly reduced staining intensity and three females could not be scored at all. If these additional 3 individuals were heterozygotes, as seems probable, then the heterozygote deficiency disappears (x1)= 111, P>0.1).
The expected average heterozygosity (±S.E.)
for the entire sample was 0107±0.004 and the Shaw and Prasad (1970) , 60 V and 75 V respectively; RSL, Ridgway, Sherburne and Lewis (1970) 65 V; CAM, Clayton and Tretiak (1972) ; AyB, Ayala eta!. (1972) 60V. All gels were run for between five and six hours.
proportion of loci that were polymorphic (where the frequency of the rarest allele is greater than 0.01) was 028. It is possible that the use of several bees from some of the nests may have introduced some bias into the above calculations which were repeated including only one individual from each nest. The resulting expected heterozygosity was practically identical to the above estimate (0.106± 0.004). This population has the highest level of heterozygosity reported for any bee. A comparison of this figure with that for other published values for Hymenoptera (Metcalf et al., 1984; Graur, 1985; Kuenzi and Coppel, 1986; Kukuk and May, 1985; Woods and Guttman, 1987; Packer and Owen, 1989) indicates that A. striata has significantly higher genetic variation at enzyme encoding loci than other bee species (t-test comparison of one value with a sample (Sokal and Rohlf, 1981), t=343, P<0005, n=40) but not in comparison to the Hymenoptera as a whole (t=1.52, P>0.1). Table 3 compares allele frequencies between the sexes. There are no significant differences in allele frequency between males and females for any of the polymorphic loci.
Dip/old males
One diploid male was detected as a heterozygote at the Idh locus (sex can be ascertained easily in 
0532
these bees because of differences in head and abdomen shape, antenna! length and leg colouration etc.). Diploid males issue from fertilised eggs which are homozygous at one or more highly polymorphic sex determining loci. Diploid males should be larger than average males in A. striata because the ovipositing female is fertilising an egg that "should" produce a female and there is significant sexual dimorphism in size in this species. The dip!oid male was indeed, significantly larger --- 
Further justification of these formulae will be presented elsewhere (Owen and Packer, in preparation) . Hence, the proportion of diploid males in the population, 4) = 00258 00256 (S.E.).
Linkage disequilibrium
The presence or absence of linkage or gametic frequency disequilibrium can be assessed directly at sex-linked or haplodiploid loci from the male haplotype frequencies.
Multilocus genotypes were recorded for 21 pairs of loci. All possible pairwise combinations of Acp-1, Acp-2, Dia-2, Est-1, Est-2, Idh, and Lap were compared, with a mean sample size (number of haplotypes) of 44.24±1034 (S.E.) For 20 of these comparison there was no significant linkage disequilibrium (D <0.0001). However, significant disequilibrium was observed between Dia-2 and Lap (table 4). The coefficient of linkage disequilibrium and its standard error were estimated using the formulae of i-jill (1974) At sex-linked loci, D can be different in males and females (Owen, 1988 (Zar, 1984) .
The X1)= 753, is highly significant, P<001.
DISCUSSION
Hymenoptera appear to have lower levels of genetic variation than most other insect groups. However, there is considerable variation both within and between insect orders in this regard and this has made it difficult to provide a strong argument for haplodiploidy per se being the cause of low heterozygosities in Hymenoptera (Graur, 1985) . The more advanced eusocial hymenopteran species may have particularly low levels of genetic variation (average mean expected heterozygosity across 14 species =0028, S.E.=0005) in comparison to primitively eusocial and solitary species which have an average heterozygosity of 0048 0010, n = 11 and 0058±0008, n =34 respectively (Graur, 1985; Kuenzi and Coppel, 1986; Kukuk and May, 1985; Metcalf et a!., 1984; Woods and Guttman, 1987; Packer and Owen, 1989) .
However, because the majority of advanced eusocial species studied have been ants, most of the primitively eusocial species bees and most of the solitary species sawfiies, it is difficult to attribute any apparent differences in these heterozygosities to sociality or other behavioural/ecological factors correlated with taxonomic grouping, or indeed, to the laboratory conducting the study (Selander, 1976; Simon and Archie, 1985) .
Our estimate of heterozygosity for A. striata indicates a much greater degree ol genetic variation in this species in comparison to other bees studied to date. This high level of allozyme variation is unlikely to be an artefact of the sample of enzyme systems for two reasons. First, most surveys of insect allozyme variation have considered fewer than half the number of loci included in our study.
Furthermore, it is generally found that as more loci are taken into consideration the measured Phenotype Number Symbol heterozygosity drops rather than rises (Nei and Roychoudhury, 1982; Singh and Rhomberg, 1987) . Secondly, using an almost identical list of enzymes,
we have reported a heterozygosity of only 0038 (±0.003) for another bee species, a value typical for Hymenoptera (Packer and Owen, 1989) and similarly low levels for a range of other members of the bee family Halictidae (Packer and Owen, in preparation) . Consequently, we believe our estimate to be an accurate reflection of a high level of genetic variation in this population. But why is this population so variable in comparison to other bees?
Low levels of genetic variation in the Hymenoptera have been explained in terms of (i) the ameliorating effects of the nest environment, (ii) low effective population sizes due to sociality in some species, (iii) low effective population sizes due to haplodiploidy, (iv) the removal of even slightly deleterious mutations via the hemizygous males and (v) the greater difficulty in obtaining a balanced polymorphism in haplodiploid (or sex linked) genetic systems. The last three explanations have haplodiploidy as their underlying cause and, as A. striata is also haplodiploid, release from these constraints is an unlikely explanation of the high level of genetic variation in this population. The first two hypotheses are variations of the more generally applicable explanations for high levels of genetic variation: large population size and spatiotemporal heterogeneity (Nevo et al., 1984) .
The very primitive nature of the social organisation of A. striata means that the small effective population size that advanced eusociality may confer is inoperative in this case. However, this species, like most ground-nesting bees and wasps, may be expected to have a demography typified by frequent population bottlenecks. This is because the low successional stage habitats required by these species are inherently unstable and even when large aggregations build up they may be extirpated as a result of increases in predator and parasite populations (Knerer, 1973) . The population under consideration was estimated to consist of around 1000 nests and is unlikely to have persisted for more than twenty years (Packer et a!., 1989b) . Large effective population size is unlikely to be a cause of the high level of genetic variation in this marginal, isolated population. The low degree of social evolution and simple nest architecture of this species are unlikely to confer any environmental amelioration unlike the situation in some of the advanced eusocial ants and bees. Indeed, it is possible that this population experiences large fluctuations in environmental conditions-particularly temperature and humidity, when in the nest. This is because the bees nested in small patches of earth amongst stones and rocks directly exposed to incident sunlight. The temperatures and humidities experienced by developing immatures and adults within nests fluctuated markedly (Packer et a!., 1989a The finding of highly significant linkage disequilibrium, even between only two of the loci, is interesting because values of D for allozyme loci are typically close to zero in outbred populations unless the loci are tightly linked (Hedrick, 1985) .
Also, as far as we are aware, this is the first reported case of linkage disequilibrium in the Hymenoptera.
Although we made 21 pair-wise comparisons to detect linkage disequilibrium, the high significance level obtained between observed and expected genotypes for Dia-2 and Lap suggests that type 1 statistical error is unlikely to have produced this result.
Gametic frequency disequilibrium can arise from a number of different, although not necessarily mutually exclusive, causes include gene flow, genetic drift, hitch-hiking and (direct) selection (Hedrick, 1985) . Here we examine two of these possibilities which may be relevant to the biology of A. striata. It should be noted that since no significant disequilibrium was observed between the other pairs of loci the following deductions require that they all be unlinked or effectively so with Cf values of 05, otherwise they too would be in disequilibrium.
Disequilibrium between two selectively neutral genes can be generated by genetic drift. In this case, the expected square of the correlation coefficient is related to the effective population size
Ne and the recombination rate c by the formula E(r2) 17 (1 +4NeC) as given by Hill and Robertson (1968 Alternatively, selection could generate disequilibrium in a number of different ways. If one or both of the allozyme loci are linked to a third, unknown locus undergoing selection, then although they may be selectively neutral themselves, disequilibrium can occur for some generations through the hitch-hiking effect (Thomson, 1977) . If the allozyme loci are directly selected, then using the results of Hastings (1981) , we can place limits on the strength of selection required to produce the observed disequilibrium. From figure 1 of Hastings (1981) , we obtain an approximate value of 1028 for the ratio of the recombination rate to the selection coefficient s which would cause the observed disequilibrium. controlled, experimental populations. They concluded that natural selection was the most likely cause of the disequilibrium. In principle, linkage disequilibrium is easy to detect in Hymenoptera because of male haploidy. We hope that other workers will be stimulated to collect the appropriate data when undertaking electrophoretic surveys.
Diploid males are expected to occur in reasonably large, outbred populations because the alleles at the sex-determining locus (or loci) are maintained through a balance between mutation, drift and selection (Yokoyama and Nei, 1979) .
Diploid males, although commonly produced by inbreeding (Crozier, 1977) , have been recorded in a few natural populations of Hymenoptera, including the halictine bee Lasioglossum zephyrum (Kukuk, 1989) . Kukuk found diploid males at frequencies of 014 and 002 at two nest aggregations of L. zephyrum in the northeastern U.S.A. Our value for A. striata falls within this range and implies an outbred population with a reasonably large number of sex determining alleles segregating.
If we assume single locus sex determination, then we can estimate effective population size using the theory developed by Yokoyama and Nei (1979) . The proportion of diploid males, 4,, is the same as the expected homozygosity at the sex determination locus-Yokoyama and Nei's J.
From table 1 of Yokoyama and Nei, we see that our value of 4, J corresponds to an Ne of approximately 5000. A smaller Ne would lead to a higher proportion of diploid males. For example, an Ne of 2000 would give a 4, of 005, the upper limit (4,+S.E.) estimated from our sample.
